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I ABSTRACT 
I 

OPTICAL PUllPINp OF THE POSITIVE COLUMN 
OF A HE I U M  DC DISCHARGE 1 r An i n v e s t i E a t i o n  of t h e  e f e c t  of o p t i c a l  pumping. on t h e  popula- 

tions of e x c i t e d  s p e c i e s  produped in t h e  p o s i t i v e  column of a d c  hel ium 

discharEe h a s  produced ev idenc  

helium molecules. 

2 P l e v e l  undergo a r e a c t i o n  with one or more ground-s ta te  atoms t o  pro- 

duce excited helium n o l e c u l a r  /states. 

of a new p rocess  fo r  format ion  of e x c i t e d  

The r e s u l t s  sugEest t h a t  t h e  heliun: atoms i n  t h e  
3 1 

I 
This does n o t ,  however, a p p e a r .  

t o  be the process  r e s p o n s i b l e  kor t h e  s e l e c t i v e  

moiecular levels  i n  t h e  p o s i t i b e  column of a d c  

a 

popu la t ion  of the n = 3 

d ischarge .  

4 j  



I 
1. IXTKODUCTIOS 

I t  is g e n e r a l l y  u n r e c o p i z e d  t h a t  t h e  s o u r c e  of helium molecular 

r a d i a t i o n  i n  t h e  p o s i t i v e  column of a dc d i s c h a r g e  is unknown. 

is due, i n  p a r t  t o  t h e  fact t h a t  it has a t t r a c t e d  l i t t l e  a t t e n t i o n  

s i n c e  t h e  p o s i t i v e  column is a weak source of molecular  r a d i a t i o n ;  and 

i n  p a r t  t o  t h e  appa ren t  logic t h a t  it re su l t s  from e l e c t r o n  recombina- 

T h i s  

t i o n  of t h e  molecular ion  as i n  t h e  case of intense s o u r c e s  of helium 

molecu la r  r a d i a t i o n ,  t h e  weaker i n t e n s i t y  i n  t h s  p o s i t i v e  column 

r e s u l t i n g  from t h e  lower electron d e n s i t i e s  and h i g h e r  e l e c t r o n  temper- 

a t u r e s  found t h e r e .  There are s e v e r a l  r easons  fo r  doubt ing t h i s  

exp lana t ion .  The first is, us ing  Bates' /1/ c a l c u l a t i o n s  f o r  e x c i t e d -  

s ta te  popu la t ions  and r easonab le  va lues  of t h e  e l e c t r o n  d e n s i t y  

and e l e c t r o n  t empera tu re ,  t h e  c a l c u l a t e d  molecular  p o p u l a t i o n s  are 

f o u r  t o  s i x  o r d e r s  of map,nitude less  than  t h e  measured popu la t ions .  I 
I Also, i n  t h e  p o s i t i v e  column, bands o r i g i n a t i n g  from t h e  n = 3 

e l e c t r o n i c  leve ls  are s e v e r a l  times b r i g h t e r  t han  bands o r i g i n a t i n g  

from h i g h e r  quantum l e v e l s ,  wh i l e  molecular  r a d i a t i o n  observed i n  
o t h e r  s o u r c e s  and known t o  be t h e  r e s u l t  of recombination of t h e  

m o l e c u l a r  i on  does no t  sugges t  a s e l e c t i v e  popu la t ion  of any quantum 

l e v e l .  F u r t h e r ,  t h e  bands corresponding t o  t r a n s i t i o n s  from t h e  V = 1 

and V = 2 v i b r a t i o n a l  levels are v i r t u a l l y  non-ex i s t en t  i n  t h e  p o s i t i v e  

column whi l e  t h e s e  bands are c l e a r l y  p r e s e n t  i n  t h e  molecu la r  s p e c t r a  

r e s u l t i n g  from recombination of t h e  molecular  ion. 
reasons is s u f f i c i e n r  t o  cast s e r i o u s  doubt on t h e  i d e a  t h a t  t h e  same 

I 

Any one of t h e s e  

p r o c e s s  r e s p o n s i b l e  €o r  popu la t ing  the  r a d i a t i n g  molecular states i n  
t h e  n e g a t i v e  glow /2/ o r  an a f tg rg low /3/ is also r e s p o n s i b l e  for popu- 

l a t i n g  t h e s e  states i n  t h e  p o s i k i v e  column. 

The enhancement of t h e  V 5 ;  0 v i b r a t i o n a l  s ta te  of t h e  n = 3 

electronic leve ls  s u g g e s t s  t h a t ;  t hey  may be selectively pogu la t ed  by 

I 
, 



. 
1 

a c o l l i s i o n  bczwcen 

t h e  n = 3 m l e c u l a r  

Kith  a d i s s o c i a t i o n  

an atom i n  1 s t a t e  w i th  cnc rcy  close t o  t h a t  of 
I 

s t a t e s  and one o r  t w o  o t h e r  g round-s t a t e  atoms. 

c n e r r y  of 4 ev f o r  t h e  helium molecu la r  i on  t h e  
i 

i 3 
3 2 P atomic l e v e l  l i e s  c l o s e s t  

obse rva t ion  has  Icd t o  an a t t e q p t  t o  vary t h e  p o p u l a t i o n  of 2 P atoms 

i n  a p o s i t i v e  column without  a fec t inp ,  o t h e r  pa rame te r s  and t o  n o t e ,  if 

any, a correspondinc v a r i a t i o n  1 i n  t h e  i n t e n s i t y  of r a d i a t i o n  from t h e  

n = 3 molecu la r  l e v e l s .  

o t h e  n . =  3 molecu la r  l e v e l s .  T h i s  

I 
i 

2. APPARATUS 

Since  t h e  2 P atomic l e v e l  is o p t i c a l l y  connected t o  t h e  m e r a s t a b l e  3 
I 3 

3 
2 S l e v e l ,  o p t i c a l  pumpiny, wasichosen as t h e  b e s t  method t o  a l t e r  t h e  

2 P popu la t ion  while  having t h ?  least effect  on any o f  t h e  o t h e r  pa ra -  

meters l i k e l y  t o  e f f e c t  t h e  molecular  i n t e n s i t y .  

I 

Figure 1 shows t h e  c e l l  i d  which t h e  molecu la r  i n t e n s i t y  and atomic 
I 

p o p u l a t i o n s  were observed,  t h e l w a t e r  j a c k e t  which was f i l l e d  w i t h  d i f -  

f e r e n t  dyes t o  pass on ly  c e r t a i n  s p e c t r a l  r e g i o n s  of t h e  pumpinf! l i g h t ,  

and t h e  c o i l e d  pumpinp, t uhc  which was t h e  source of pumping W h t .  

u s e ,  t h e  c e l l  and water jacketiwere p o s i t i o n e d  a long  t h o  a x i s  and i n s i d e  

t h e  pumping t u b e  c o i l  as shown1 

ends  of t h e  c e l l  and a d j a c e n t  fo t h e  water j a c k e t  i n  o r d e r  t o  p r e v e n t .  

any of t h e  pumping tube r a d i a t i o n  from reach ing  t h e  s p e c t r o m e t e r  e n t r a n c e  

slit. Checks  on t h e  e f f e c t  o f l s c a t t e r e d  r a d i a t i o n  from t h e  pumping 

t u b e  were made on all phases  01 t h e  experiment and i n  no case was t h e  

s c a t t e r e d  r a d i a t i o n  found t o  hbve more t h a n  an i n s i g n i f i c a n t  e f f e c t .  

I n  

I 

L i c h r  s h i e l d s  were p laced  o v e r  both 

I 

Both t h e  ce l l  and t h e  pumping tube  were t h e  p o s i t i v e  column of 

dc  aischarr;es iii h e l i m .  

lower p r e s s u r e s  than  t h e  c e l l  s i n c e  t h e  atomic r a d i a t i o n  was more i n t e n s e  

a t  t h e  lower p r e s s u r e s .  

any i m p u r i t i e s  t h a t  may have been i n  e i t h e r  t h e  cell or  pumping tube.  

However i n  o r d e r  t o  i n s u r e  p u d i t y ,  d a t a  was taken on ly  under c o n d i t i o n s  

i n  which helium molecu la r  radi la t ion dominated t h e  n e g a t i v e  glow, as 

t h i s  is t h e  first f e a t u r e  t o  q i sappea r  when i m p u r i t i e s  are added t o  a 

The pGmpin.9 t u b e  was g e n e r a l l y  o p e r a t e d  a t  

The d c t i o n  of c a t a p h o r e s i s  s e r v e d  t o  remove 
I 

I 
I 

helium d c  d i scha rce .  ~ 

A p h o t o e l e c t r i c ,  0.5 meter, scanning s p e c t r o m e t e r  and a hel ium 

P f l u c k e r  tuhe  were p o s i t i o n e d i a t  oppos i t e  ends of t h e  ce l l  and a 

chopper wheel was p l a c e d  between t h e  P f l u c k e r  t u b e  and one end of t h e  

cell. 

levels r; h t i a t i n g  in t h e  v i s ib le  could be monitored by measuring i r rv  

With t h i s  arrangement ;he popu la t ion  of atomic and molecu la r  
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Cc s i y . n a l  f ron  t h e  sp tc t roae ter  pho tomul t ip l i e r  ( E X 1  62565) and t h e  
1 1 3  3 To?u:atiozs of t h e  2 S ,  2 P, 2 S and 2 P atomic leve is  couid  be rnonitorcd 

by phase - sens i t i ve  d e t e c t i o n  of t h e  chopped 5016A, 1;921A, 3889k, and 

bb7lk r a d i a t i o n  from t h e  f f l u c k e r  tube.  The 1.08 micron r a d i a t i o n  was 

0 0 0 

0 

d e t e c t e d  wi th  a cooled XCA 7102 p h o t o m u l t i p l i e r  tube .  0 

Conversion of t h e  v a l u e s  of f r a c t i o n a l  a b s o r p t i o n  as measured by 

phase s e n s i t i v e  d e t e c t i o n  t o  values of k 1 were made, as d i s c u s s e d  by 

K i t c h e l l  and Zemansky 141. 

t o  r h e  c e l l  Doppler width w a s  determined from t h e  4650A r o t a t i o n a l  

tempera tures  of t h e  i 'flucker t ube  and cell.  For t h e  r e s u l t s  p r e s e n t e d  

he re  t h e s e  tempera tures  were 650°K and 540°K for t h e  P f l u c k e r  t ube  and 

c e l l  r e s p e c t i v e l y  and t h e  r a t io  of t h e  Doppler w id ths ,  a ,  was 1.12. A 

t a b l e  of f r a c t i o n a l  abso rp t ion  fo r  va lues  of k 1 rang ing  from 0 t o  4.0 

R 
1. 

0 

The r a t i o  of t h e  P f l u c k e r  t u b e  Doppler w id th  I 
0 

0 

arid a = 1.12 was c a l c u l a t e d  on' an IBM 1401 coi iputer  and t h e  v a l u e s  of i 

k 1 r e p o r t e d  h e r e  w e r e  ob ta ined  from t h a t  table. 
0 

3. RESULTS 

With e i t h e r  a i r  o r  w a t e r  i n  t h e  water j a c k e t  t h e  effect  of t h e  pumping 
I 

r a d i a t i o n  was g e n e r a l l y  t o  enchance t h e  popu la t ions  of t h o s e  l e v e l s  

o p t i c a l l y  connected t o  t h e  atomic metastable s ta tes  and l e a v e  t h e  remaining 

atomic popu la t ions  una l t e red .  

. 

I n  a d d i t i o n  t o  t h i s  normal behav io r  it was 

found t h a t  each  of t h e  molecular  bands examined a lso e x h i b i t e d  an i n c r e a s e  

i n  7opulstion on application of the punping r a d i a t i o n .  Th i s  increase 
rariged from 10% to 2506 of t h e  o r i g i n a l  popu la t ion  depending on t h e  

c u r r e n t  i n  t h e  c e l l  wi th  lcss t han  1% of t h i s  i n c r e a s e  b e i n 3  a t t r i b u t a b l e  

t o  s c a t t e r e d  molecular  r a d i a t i o n  f am t h e  pumping source .  

examined r e p r e s e n t e d  t r a n s i t i o h s  from bo th  t h e  s i n g l e t  and t r i p l e t  series 

and t h e  n = 3 and n = 4 e l e c t r  n i c  l e v e l s .  For  a c o n s t a n t  c e l l  c u r r e n t  

and c o n s t a n t  punpinp. i n t e n s i t y /  no s i e n i f i c a n t  d i f f e r e n c e  i n  t h e  p e r  cent 

enhancement could  be d e t e c t e d  or any of t h e  bands examined. 

d i t i o n ,  each of t h e  r o t a t i o n a l  l i n e s  of t h e  4650A band (3p Il 

up t o  J = 19 e x h i b i t e d  s imi la r lpumpine  behavior .  

€ o r  t h e  observed molecular  enh&-iccment v a r i o u s  l i q u i d  f i l t e r s  were used  

i n  t h e  w a t e r  j a c k e t .  

t i o n s  on t h e  3p A 
a 5% s o l u t i o n  of CuCl w i t h  a Le11 c u r r e n t  and p r e s s u r e  of 11 m . a .  and 

17 Torr, r e s p e c t i v e l y .  Table  lists t h e  t r a n s m i t t a n c e  of t h e  b l a c k  

dye filter r e l a t i v e  to the traksmittance of water a t  d i f fe ren t  W ~ V O -  

The bands 
I 

P 
In ad- 

-+ 2s Xu) 

I n  order  t o  isolate  t h a t  par t  of t h e  pumping spectrum r e s p o n s i b l e  

0 3 3 t  I r: 
1 

Tables  1: and XI p r e s e n t  t h e  r e s u l t s  of observa- 

and 2 P popula t ions  o b t a i n e d  us ing  a b l a c k  dye and 3 3 
F# 

2 

i 
! 
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Lm<ths .  '%e b lack  d y e  e f f e c t i v e i y  f i l t e r s  ou t  a l l  wavelengths i 
except  t h e  rey,lon around 1 micron ( t h e  wavelenEths above 1 .4  n i c r o n s  

a r e  filtered out  by t h e  water  i n  t h e  dye). 

when t h e  1 n ic roa  p o r t i o n  o f  t h e  pumping r a d i a t i o n  was reduced t o  71% 

of i ts  o r i c i n a l  i n t e n s i t y  by t h e  b lack  dye,  t h e  enhancements, induced 
by t h e  f i l t e r e d  pumping r a d i a t i o n ,  of the  Z3P popula t ion  and t h e  molecu la r  

1 I ;  i ,  
i 
1 1 ,  

A s  seen  from t h i s  t a b l e  
' /  j ,  

l i  

I , I  

J p 
popu la t ions  were reduced t o  88% and 82%, r e s p e c t i v e l y ,  of t h e i r  o r i g i n a l  

va lues .  
' ' I  

I 
Table I1 lists t h e  r e s u l t s  ob ta ined  when t h e  b l ack  dye is 

rep laced  Sy a 5% s o l u t i o n  of C u C l  i n  t h e  water j acke t .  

t h e  CuCl 

of  t h e  Dumping r a d i a t i o n .  

The e f f e c t  of 
I 

is t o  s e l e c t i v e l y  f i l t e r  ou t  t h e  r e d  and i n f r a r e d  p o r t i o n s  
2 

When t h e  l m i c r o n  r eg ion  of t h e  pumping 

r a d i a t i o n  was reduced t o  3.69, of its o r i g i n a l  i n t e n s i t y  by t h e  C d 1 2  

s o l u t i o n ,  t h e  2 ? 7opu la t ion  and molecular  popula t ion  enhancexents  

induced by t h e  pumpinE r a d i a t i o n  wcre reduced t o  less t h a n  3.78 and 

4.66, r e s p e c t i v e l y ,  of t h e i r  o r i g i n a l  va lues .  

den ie s  t h e  p o s s i b i l i t y  t h a t  t h e  4650A band enhancement is t h e  r e s u l t  

of abso rp t ion  and r e r a d i a t i o n  of t h e  2s I: molecule. I n  a d d i t i o n  it 

is doub t fu l  t h e  molecular  component of t h e  pur;.lping r a d i a t i o n  i s  s u f -  

f i c i e n t l y  i n t e n s e  t o  enhance t h e  popula t ion  of  any of t h e  l e v e l s  o p t i c a l l y  

connected t o  t h e  2s C metas t ab le  molecule. 

3 

T h i s  r e s u l t  a lone  
0 

3 +  
U 

3 +  
U 

The informat ion  from t h e s e  t w o  tables demonstrates  t h a t  it is t h e  

i n f r a r e d  po r t ion  of t h e  pumping r a d i a t i o n  t h a t  is r e s p o n s i b l e  fo r  t h e  

enbancement of  t h e  molccular  popula t ion ,  and i n d i c a t e s  t h a t  t h e r e  is a 

c o r r e l a t i o n  between t h e  molecular  i n t e n s i t i e s  and t h e  2 P popula t ion .  

F u r t n e r  evidence for S U C ~ A  a tori-tktiaii is przsznted ir! Figcre 2 

3 

3 0 

wnere t h e  4650A band i n t e n s i t y  is p l o t t e d  ve r sus  t h e  2 ? po?ulat ion.  
3 The r ange  of o b t a i n a b l e  2 P popula t ions  was l i m i t e d  by t h e  e x t e n t  t o  

3 which t h e  pumping r a d i a t i o n  could i n c r e a s e  t h e  ambient 2 ? po2u la t ion  

i n  t h e  cell .  

s t r a i g h t  l i n e  t h a t  does n o t  e x t r a p o l a t e  through zero.  

t aken  for v a r i o u s  c e l l  d i s c h a r p  parameters  and d i f f e r e n t  molecular  

l e v e l s  and r o t a t i o n a l  l i n e s  w i t h  resul ts  similar t o  t h a t  p r e s e n t e d  i n  

F igure  2. 

d i s c h a r g e  parameters  were a l t e r e d .  

Within ex7er imenta l  accuracy t h e  d a t a  p o i n t s  l i e  on a 

S i m i l a r  d a t a  was 

The va lue  of t h e  i n t e r c e p  d i d  appear  to vary  when t h e  ce l l  

4. DISCUSSION AND CONCLUSION 

The results p resen ted  i n  Table I ,  Table  I1 and Figure  2 i n d i c a t e  
3 a d e f i n i t e  correlation between t h e  helium 2 P popu la t ion  i n  t h e  p o s i t i v e  



L 

j ' ;  

c o l ~ , n  and  t>,e nroduct ion of h e l i m  molecular levels ,  A1zhocr.h it n ~ y  

Le f e l t  t h e  a h o q t i o n  of t h e  i n f r a r e d  bands by t h e  2 s  I: U n o i e c u l e  ma? 

i n  SGZC way enhance a l l  of t h e  E o l e c u l a r  l e v e l s  t h i s  e x p l a a t i o n  has  b e e n :  

d i sca rded  because t h e  pumpinF: r a d i a t i o n  is coinposed p r i m a r i l y  of a t o n i c  
l i n e s  and a l s o  it is no t  c o n s i s t e n t  with t h e  s t r a i g h t  l i n e  o b t a i n e d  i n  

F i p r e  2. 

3 t  

The non-zero i n t e r c e p t  ob ta ined  i n  Figure 2 i n d i c a t e s  t h a t  a pro- 
* 
3 

cess independent of t h e  2 ? atoms is  a l s o  important  i n  t h e  p o s i t i v e  

column. Th i s  p rocess  cannot be t h e  recombination o f  molecu la r  i o n s  

f o r  t h e  reasons c i t e d  i n  t h e  In t roduc t ion .  

h t e n t a t i v e  exp lana t ion  for t h e  molecular  r a d i a t i o n  i n  t h e  p o s i t i v e  

column t h a t  is c o n s i s t e n t ,  a t  least q u a l i t a t i v e l y ,  with t h e  observed 

r e s u l t s  i s  as follows. 'The f r a c t i o n  of t h e  molecu la r  i > o p l a t i o r r  t h a t  

is independent of t h e  2 P popu la t ion  may r e s u l t  from e l e c t r o n  e x c i t a -  

t i o n  of t h e  2s  Z metas t ab le  molecule. 

r e s u l t  d i r e c t l y  o r  i n d i r e c t l y  from t h e  2 P atoms. 

d i s s o c i a t i o n  energy of 2 e v  t h e  n = 3 molecu la r  l e v e l s  l i e  closest t o  

t h e  2 P energy l e v e l  and a reaction of t h e  t y p e  

3 

3 +  The remaining f r a c t i o n  must 
3 U 

For a molecu la r  i o n  

3 

3 1 f; 1 .He(2 P) + 2tie( l  S )  * He2 ( n = 3 )  + He(1 S) 

could l e a d  t o  t h e  conversion of 2 ? atoms t o  molecules  i n  one o r  more 3 

. of t h e  n = 3 e l e c t r o n i c  levels.1 E lec t ron  c o l l i s i o n s  could t h e n  d i s -  

t r i b u t e  a f r a c t i o n  of t h e  molecules  produced i n  t h i s  way t o  t h e  remaining 

n = 3 and h i g h e r  e l e c t r o n i c  l e v e l s .  

t h i r d  body by v i r t u e  of t h e  "hump" i n  t l u l l i k a n ' s  /5/ r e c e n t  p o t e n t i a l  

curve f o r  2'P and 1% helium atoms. The t h i r d  body prov ides  an ad- 

d i t i o n a l  i n t e r a c t i o n  which may allow t h e  "hump" t o  d i s a p p e a r  as t h e  t h i r d  

body is brought sufficiently close t o  a colliding pair  of 2 P and 2 S 

atoms. Ku l l ikan ' s  cu rves ,  as also t h i s  i n t e r p r e t a t i o n ,  are dependent 

on t h e  va lue  of t h e  d i s s o c i a t i o n  enerEy of t h e  helium molecu la r  ion.  

T h i s  e x p l a n a t i o n  is o f f c r r e d  more as a g u i d e  €or f u r t h e r  expe r imen ta l  

i n v o s t i g a t i o n  r a t h e r  than a f i n a l  r e p o r t  on t h e  p roduc t ion  of hel ium 

molecular r a d i a t i o n  i n  t h e  p o s i t i v e  column. 
I 

The above r e a c t i o n  r e q u i r e s  a 

I 3 1 
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I-iC-j?s CAPYIGSS 

F i g u r e  1: C e l l  and Piir.piac Tiibe. 

Figure 2:  
3 

Xolecular  I n t e n s i t y  versus [2 PI. 
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